Background: Quantitative evaluation of position control ability in stroke patients is needed. Here we report a demonstration of position control ability assessment and test-retest reliability during squat-stand activity on a new system in hemiparetic patients and controls.
Background
Motor impairment after stroke is a major problem for stroke patients. The risk of falls in hemiparetic patients is dramatically higher than in healthy persons during the rehabilitation period and later during community living [1] . Changing from sitting to standing (sit-to-stand) is an important activity in daily life, and hemiparetics can easily fall during this activity due to a number of impairments.
These impairments include low muscle strength, poor position control, and poor sensory input.
Through evaluation, these dysfunctions could be recognized and appropriate training could be carried out. Many evaluations, such as the timed sit-stand-sit test, muscle strength test, static and dynamic balance tests, and other tests, have been used to evaluate the function of hemiparetics. The reliability, validity, and sensitivity of these evaluations have been studied [2] [3] [4] . The Berg Balance Scale (BBS) is a classical scale used to evaluate balance. The BBS focuses on whether patients can complete the task and how well they can complete it, but for patients who cannot complete the task, it is difficult to use the BBS for evaluation. It is also important to note that patients cannot complete the task due to a variety of reasons that are not all related to balance impairment. The BBS is similar to the Functional Independence Measure (FIM), Rivermead Motor Assessment, and Rivermead Mobility Index. These tests can only reflect the functional ability of those who can complete the sit-to-stand task [5, 6] , so it is hard to evaluate the ability of those who cannot, using these evaluation scales. The speed at which a patient completes the timed sit-to-stand test reflects the patient's ability at this task. In our clinical experience, although some patients can complete the task in a shorter time, many complete the task in an unstable or asymmetrical way, which might lead the patients to suffer a fall easily. Therefore, the timed sit-to-stand test only partially reflects a patient's position control ability.
For these reasons, we invented a new system to measure position control ability for evaluation in clinical work. Our evaluation system provides back-support via a sliding backboard which enables patients to complete the squat-stand task; the method allows for the patient's stability and symmetry during the process [7] . These features allow the system to be used in the early stage of the disease to assess those who do not have the ability to complete real sit-to-stand activities. We could also combine the timing of the squat-stand activity and the posturographic parameters to evaluate the ability of patients better. In addition, the static and dynamic balance tests can be used to quantify the balance controlling ability and reaction to the environment [8] . The static balance test assesses stability and symmetry during static standing [9] , whereas the dynamic balance test can be used to probe vestibular and brainstem function, including integration of visual input, balance, and position control [10] . These tests cannot be used to quantify position control during the sit-stand-sit process.
In this study, we propose a new system, called the multi-utility balance assessment and training system (MUBATS), that we developed for assessing posturographic parameters during squat-to-stand activity. The MUBATS provides information about abilities such as force production, coordination, and position control. These abilities are necessary in real sit-to-stand activity. Our first goal in assessing the system is to evaluate the reliability of its measurements and its utility in assessing position control in hemiparetic patients.
Methods

Participants
A total of 62 healthy adults (23 males and 39 females, mean age 52.48 ± 8.87 y) and 34 stroke patients with hemiplegia (22 males and 12 females, mean age 60.24 ± 12.29 y) were recruited. Healthy participants having any conditions that might affect the assessment protocol, such as cognition, visual, and balance impairments, were excluded from the study. Posturographic parameters of the healthy adults were used to analyze the test-retest reliability. Of the data collected from healthy adults, 34 of the total 64 parameters were selected and used to compare the healthy participants with the hemiparetics in accordance to the age and gender.
For the stroke patients, the following inclusion criteria were applied: motor function of the lower limbs above Brunnstrom level III [11, 12] ; the ability to complete the sit-to-stand task; and good of tolerance approach. The following exclusion criteria were applied: serious impairments of consciousness, cognition, or emotion that prevented the patient from actively participating in rehabilitation therapy; serious internal disease that requiring limits on exercise; orthostatic hypotension; history of dementia; history of more than a single stroke; advanced osteoarthritis; peripheral neuropathy; unilateral neglect or visual impairment; unwillingness to participate in the research; and inability to participate in follow-up evaluations. All the experimental procedures and the informed consent form signed by the participants were approved by the Ethics Committee of Huashan Hospital (HIRB). This study was conducted in accordance with the Declaration of Helsinki. This trial was registered with chictr.org/cn, number ChiCTR-TRC-10000863.
MUBATS description
The newly designed MUBATS was invented by Fudan University and the University of Shanghai for Science and Technology ( Figure 1A-C) . The system consists of left and right pedals which measure the reacting force (Figure 2A-B) , a sensing device, an interface circuit, a data acquisition card, a host computer, a display unit, and a printer. The left and right pedals are separated so that the reacting force on each side can be evaluated separately. Each pedal has two pressure sensors located at the site in contact with the transverse arch and heel, respectively. The testing range of the sensor is 0-100 kg and it has a testing accuracy within 0.5%. In addition, the center of the two pedals coincides with the actual center of the foot pressure according to the zero moment point (ZMP), as described by Vukobratovicli [13] . The software for the system was designed using Visual C++, version 6.0. The process of evaluating and training the patient is shown in the video included with this paper.
MUBATS procedure
An experienced rehabilitation physician familiar with the MUBATS performed the evaluations. Participants were informed of the aim and given appropriate instructions before the test, in order to help them better understand the study. Posturographic parameters were measured with participants leaning on the oblique slide. Participants had to place their feet on two rectangular pedals in a relaxed and comfortable position. Each participant stood upright, leaned back onto the back board, and then bent his or her knees until the back board would not move any further. After reaching the bottom of the back board's range, the participant extended his or her knees to return to a standing position. This squat-stand process was repeated five times. The participants were also required to control their center of pressure (COP) by visual feedback of plantar pressure. During the test, participants were instructed to remain as stable and symmetrical as possible.
The test was completed at an angle of 30°, then 45°, and finally 60°(all measured from horizontal as 0°). The participants did the squat-stand activity together with the board, and the board itself weighed approximately 30 kg. As the angle changes, the load carried by the participant versus the machine changes. According to our calculations, at the 30°angle setting, the machine provides partial body weight support (participant bears 75% of his/her body weight). At the 45°angle setting, there is no net support or resistance (participant bears 100% of his/her body weight). And at the 60°angle setting, the machine transfers net resistance to the participant (participant bears~125% of his/her body weight). These three angles were tested to see whether the posturographic parameters were reliable under different weight-bearing conditions. The computer software collected planter pressure automatically 20 times per second. The study was performed in a quiet setting with a pleasant visual environment. Before recording commenced, each participant had~10 s to become familiar with the process. They were instructed to complete the movement cycle several times during this preparation stage. The healthy participants repeated the test twice to assess its reliability, with the second test being conducted one week after the first. The patients were tested only once.
Posturographic parameters
Plantar pressure was used to evaluate the sit-to-stand activity, and the balance parameters were used to evaluate static balance. In this study, the balance parameters were called posturographic parameters, and they were used to evaluate the squat-to-stand process. The posturographic parameters collected in the test only reflect motor control in the frontal plane because the participants leaned on the oblique and the sensor was located in one dimension in the frontal plane. The parameters include COP, average sway (AS), path length (PL), covered area (CA), maximal sway (MS), and lateral speed (LS).
The parameters were automatically collected and calculated by the computer software. Among them, COP was defined as the mean drift distance projected on the dual platform in the frontal plane. The calculation formula was the same as that published by Genthon [14] . The COP parameter was used to calculate the other parameters. The calculation of the other parameters was the same as for traditional posturographic parameters. Notably, CA was calculated by integrating COP in time in frontal plane, using the following equation:
The unit of CA is cm 2 . x i and y i are defined as the coordinates of lateral shift of COP projected on the platform. I = 0, 1, 2. . .. . .N (I N were integers). Tc is defined as the acquisition time.
Data analysis SPSS (version 16.0) was used to perform the statistical analysis in this study. Descriptive statistics were compared using one-way analysis of variance (ANOVA). The Kolmogorov-Smirnov test and F test were chosen to assess the normality and equal variance of the test score. Intraclass correlation coefficients (ICCs) were used to analyze the reliability, which reflected the internal reliability of the evaluation. An ICC < 0.4 indicated poor test-retest reliability. An ICC ranging between 0.4 and 0.75 indicated fairly good test-retest reliability, and an ICC > 0.75 meant there was a good test-retest reliability [15, 16] .
Results
Normality and homogeneity tests indicated that the datasets collected had normal distributions. There was no significant difference in variance between the groups (P > 0.05). Descriptive statistics of all participants and mean values of all outcomes are presented in Tables 1, 2 , 3, 4, 5 and 6.
As reported in Table 1 , neither age, gender, nor dominant side differed between the patient and control groups (ANOVA, P > 0.05). Table 2 The posturographic parameters and ICCs in the standard weight-bearing condition (45°angle) are reported in Table 3 . The ICCs of COP, AS, PL, and CA were over 0.80, which indicated a good reliability. The ICCs of MS and LS were around 0.65, which indicated a fair reliability. The posturographic parameters and ICCs in the resistance condition are reported in Table 4 . The ICCs of COP and AS were over 0.8, indicating good reliability. The ICCs of PL and CA were 0.70, also indicating good reliability. The ICCs of MS and LS were around 0.55, indicating fair reliability. The results reported in Tables 5,  6 , and 7 show that the stroke patients had poorer position control ability than did the healthy participants.
Discussion
The central nervous system integrates inputs from the vestibular, somatosensory, and visual systems to maintain stability in space [17] . Most stroke survivors have a combination of sensory, motor, cognitive, and other impairments, leading to dysfunctions when performing basic activities of daily living (ADL). Impaired postural control has the greatest impact on independence in ADL. Desrosiers et al. [18] demonstrated that postural control is the best predictor of achieving independent living, and it also shows the highest correlation (r p = 0.70) with personperceived disability after discharge from a rehabilitation center. Loss of postural control has been recognized as a major problem in stroke patients, which results in a high incidence of falls both during and after rehabilitation, particularly in patients with both motor and sensory deficits. Good position control relates to the effectiveness and safety of activity. In stroke patients, poor stability and poor symmetry of position control not only increase the risk of fall, but also lead to overload of the unaffected side, resulting in a high risk of osteoarticular damage [19, 20] . Therefore, improvement of postural control in stroke patients is essential to their independence, social participation, and general health.
The sit-stand-sit test was introduced initially as an outcome measure for assessing lower limb muscle strength [21] . Mong et al. [2] demonstrated the reliability and validity of the repeated sit-to-stand test in chronic stroke patients. From a sitting position, horizontal momentum is required to shift the posterior-located center of mass to rise to a standing position. This activity demands relatively good position control ability. Not all patients have the ability to do an unsupported sit-to-stand test, especially in the early stages of recovery. Thus, with the MUBATS, we designed an evaluation system in which stroke patients who do not have the ability to perform the unsupported sit-to-stand test can perform a squat-stand test. The whole evaluation is conducted with the participant leaning against an oblique slide, while simulating the sit-to-stand extension motion. Because the participants can lean on the oblique slide, their squat-stand movement is more stable than in unsupported sit-to-stand activity. Unlike the sit-to-stand movement, the head and body remain aligned during the squat-stand movement. Furthermore, the squat-stand movement in the MUBATS provides back support that confers stability directly. The squat-stand and sit-to-stand movements are similar in that the directions of forces produced and coordination of the hip and knee are nearly the same. Therefore, the squat-stand posturography evaluation should reflect, to some extent, real position control. Posturography is a method of quantifying the vestibulospinal reflex [22] . In addition to allowing for quantification of postural asymmetry and stability, it also enables us to analyze the recovery course of a patient's standing posture [23, 24] . Posturographic parameters are calculated according to the relationship between the projection of displacement of the center of pressure in the standing plane and time. Meanwhile, COP is calculated as the pressure perceived by ground-pressure pickup, which equals the reacting force to the ground. A static posturography study, Brière and colleagues found that stroke patients had poor stability in controlling their standing position, and that their COP leans toward the unaffected side [25] . Thus, they proposed the use of dual force platforms to measure the reacting force for the left and right feet.
The reacting force to the ground is the basis for calculating other posturographic parameters. It can also be used as another method to evaluate the sit-to-stand activity [26] . When healthy adults moved their hips away from the seat, the force increased quickly and symmetrically [27] . In contrast, when stroke patients moved from the seat and began to extend, the force increased slowly [28] and the load on the affected side was significantly lower than that of the sound side [29] . A previous study demonstrated the reliability of evaluating stroke patients' sit-to-stand by vertical ground reaction force [30] , and this assessment did not involve repetition times [31] . Until now, few studies attached enough importance to the relationship between the change in load and the time, which is the focus of this study. There may be some potential value in using posturography to evaluate the sit-to-stand movement because it not only quantifies the process of sit-to-stand but also evaluates changes in stability and symmetry before and after rehabilitation.
We tested whether this proposed method was reliable and whether the method could differentiate hemiparetics from healthy patients. The test-retest reliability was one of the statistical methods used to determine the reliability. A high correlation between separate administrations in the test implies good test-retest reliability. Several experiments reported that static posturographic parameters had a good test-retest reliability (ICC > 0.75) [32, 33] . The method used in this test is a relatively new one that has not been previously published to evaluate the squat-stand activity [34] . In the weight relief condition, all of the ICCs of the posturographic parameters exceeded 0.75, which indicated good test-retest reliability. Meanwhile, in the standard weight-bearing condition, the ICCs for COP, AS, PL, and CA were over 0.80, but the ICCs for MS and LS were near 0.65. Thus, the former condition showed good test-retest reliability while the latter showed a fair result. In the weight resistance condition, the ICCs for COP and AS were over 0.8, indicating good test-retest reliability. The ICCs for PL, CA, MS, and LS were between 0.54 and 0.70, showing a fair result. From the results, it could be inferred that in the weight-relief and standard weight-bearing conditions, all of the posturographic parameters had good repeatability. In the resistance condition, COP and AS had good repeatability, but PL, CA, MS, and LS had only fair repeatability. COP reflected the center of pressure and body symmetry, whereas AS, PL, and CA moderately reflected position stability. These data could represent position control and had internal reliability. MS and LS absolutely reflected position stability and had no consistency, so the results obtained here could be reasonably explained.
When the posturographic parameters were compared between healthy adults and hemiparetics in three different conditions, the stability and symmetry of hemiparetics were found to be significantly worse than the stability and symmetry of healthy participants. These results demonstrate that this new evaluation method allows the postural control of hemiparetics to be distinguished from that of healthy adults. Accordingly, a therapist could quantitatively measure his or her patient's position control ability, which may help the therapist know whether a therapy is effective or not.
In this study, we have proposed a new MUBATS method with which to evaluate position control ability during the squat-stand activity. In the first part of the study, we demonstrated the reliability of the method in the healthy population. Our evaluation method is novel compared to previous methods in that it reflects the patient's position control ability from a different aspect. In our test, the patients repeat a squat-stand five times on an oblique slide. We take the average data from the five repeated squat-stands to evaluate the patient's ability. Other evaluation methods are based on the premise that the participants should have the ability to complete the sit-to-stand task. If they cannot complete the task, then the results are hard to evaluate. In contrast, our method focuses on how stably and symmetrically the participants can complete the task, and it provides an evaluation and training environment for early stroke patients. In the three conditions we have tested, the system could differentiate the stroke patients from the healthy participants. Therefore, we believe that this new MUBATS method is valid for quantification.
It should be underscored that squat-stand activity is not equivalent to sit-to-stand activity. Only sway in the frontal plane is recorded during squat-stand activity, while motion can occur in multiple planes during sitto-stand activity. In addition, sit-to-stand is a dynamic, self-perturbing, and complex action that requires proactive strategies and coordination. Hence, sit-to-stand activity requires different motor control pathways than the supported squat-stand movement. Lastly, spasticity and synergies of the limbs may differ substantially between the two tasks; these complications may hinder a more complex unsupported task, but do not interfere with the simpler supported task in the MUBATS.
The present study has some limitations. First, supported squat-stand is not a common real-life activity. These results may not reflect all of the difficulties that can occur in real-life sit-to-stand activity. The squat-to -stand ability may only partly reflect the sit-to-stand ability. Additionally, we use an oblique slide in the evaluation, which makes the activity more stable, and this may not reflect the real sit-to-stand function of hemiparetics. Their real function may be worse than what is measured during the evaluation. Second, the large standard deviations in our data indicate a large variation in personal balance abilities across individuals. Third, the results cannot be generalized to other disease-specific populations because of the subjects' selection criteria. Finally, while the MUBATS assessment may produce reliable population data, there may be errors in reflecting individuals' characteristics.
The MUBATS should be tested in more severely compromised subjects and in an earlier phase of rehabilitation. Here, only patients with Brunnstrom level above III were included because we wanted to include only patients that would be able to do the squat-stand task several times so as to ensure reliability of the data as much as possible. Moreover, the patients needed to perform the task across different weight bearing settings (even above their own body weight) to attain the goal of study. In our further research, we will design experiments that expand the testing and training population, particularly to include stroke patients in an early stage of recovery. We will also continue to research the long-term effects of visual feedback training on position control ability.
Conclusion
Posturography of the squat-stand action is a new method with which to evaluate position control ability in stroke patients. All of the posturographic parameters evaluated in the study can be used to evaluate stable and symmetrical position control. Performance in this test is repeatable in healthy adults. Stroke patients showed more instability and asymmetry than healthy adults. This kind of method has the potential to allow partial evaluation of the sit-to-stand ability in hemiparetic patients.
